An efficient method for optically actuating a micromechanical cantilever is presented for the first time to our knowledge. Measurable responses can be obtained for moderate light sources if electron tunneling occurs between the cantilever tip and a metallic contact below it. The small deflection of the cantilever that is due to light pressure is sufficient then to produce large tunneling current variations. On the basis of this effect several applications such as a miniaturized spectrum analyzer and one-step optical computing units for addition, integration, or differentiation of one-dimensional or two-dimensional optical signals are presented.
Introduction
The pressure produced by an optical field is a direct consequence of its associated momentum and its interaction with matter. In the microscopic domain the cooling of atoms below nanokelvin temperatures that is caused by optical pressure is a well-known area of quantum optics. 1 However, light pressure applied to ordinary macroscopic objects has been of less interest, because optical forces are typically too weak to produce observable movements of the objects.
The optical pressure for nonabsorbing objects is given by 2 p opt ϭ F opt ͞A ϭ 2RS͞c,
where S͑W͞m 2 ͒ is the modulus of the Poynting vector, R is the reflection coefficient, A is the area on which the optical force F opt is acting, and c is the speed of light. For moderate optical powers of less than 1 W, F opt does not exceed tens of nanonewtons even for reflection coefficients near unity; this is not sufficient to produce observable movements of massive objects.
However, in the past ten years impressive advancements were made regarding the realization of micromechanical systems with a mass of the order of 10 Ϫ20 kg, 3 in particular, of micromechanical cantilevers ͑see Fig. 1͒ . When a voltage is applied between the cantilever and the metallic contact below it, an electron current tunnels the air gap between the cantilever tip and the metallic contact. Since the tunneling current is exponentially dependent on the gap width, a displacement of only 1 Å is sufficient to produce a measurable change in the tunneling current at room temperature. Therefore our aim in this paper is to show that, contrary to what was believed up to now, 2 the effect of light pressure on such micromechanical tunneling structures is significant. Several devices based on this effect, such as, a miniaturized spectrum analyzer and optical computing units, are proposed.
Theoretical Formulation of Optical Actuation
Let us consider a micromechanical cantilever with a length L, a width W, and a thickness t, on which a voltage V is applied between the tip and the metallic contact, and on which an optical beam is incident. We assume that the cantilever is metallized along its entire length, but only along its periphery, so as not to modify the reflection coefficient nor absorb the in-cident light. Then the movement of the cantilever can be described by the following equation 4 :
where E is the elasticity modulus of the cantilever material, I ϭ Wt 3 ͞12 is its cross-sectional-area moment of inertia, and M͑x͒ is the total moment at a position x, owing to both the electrical and the optical forces. Since one end of the cantilever is built in, the boundary conditions associated to Eq. ͑2͒ are as follows: the deflection and its slope are zero at the built-in end, i.e., y͑0͒ ϭ h, dy͞dx͉ xϭ0 ϭ 0, and the moment is zero at the free end of the cantilever, i.e., M͑L͒ ϭ 0. With these boundary conditions, M͑ x͒ is
where F el is the electrical force. More specifically, we consider that F el ͑x͒ is constant and given by F el ϭ ϪV 2 ⑀ 0 WL͞2͑h ϩ t͞⑀ r ͒ 2 , 4 where ⑀ r is the relative permittivity of the cantilever material and h the gap width, and F opt ͑x͒ ϭ Ϫp opt Wx is the distributed force that acts on the area xW; F opt in Eq. ͑1͒ is the total, distributed force acting on the area A ϭ WL of the whole cantilever. Under these assumptions the total beam deflection is
In Fig. 2 the deflection of the cantilever in the absence and the presence of an incident light beam with an optical power P ϭ SWL ϭ 0.1 W is represented for L ϭ 60 m, W ϭ 1 m, t ϭ 0.3 m, h ϭ 0.5 m, ϭ 1.3 m, and V ϭ 1 V. This optical power is that which overfills the cantilever, not the power of the light source. From Fig. 2 it can be seen that the deflection of the cantilever that is due to the optical force is comparable with that due to the electrical force. The optical deflection is very sensitive to the cantilever material: If a SiO 2 ͑with a refractive index n ϭ 1.447͒ had been used instead of a silicon cantilever ͑n ϭ 3.5͒ as in Ref. 2, the optical deflection at ϭ 1.3 m would have been ten times smaller, since the reflection coefficient would have been ten times smaller.
The calculated optical deflection at the end of the cantilever ␦ opt ͑L͒ Х 2RPL 3 ͑͞cEWt 3 ͒ for the parameters given above is ϳ277 Å. Taking into account that the tunneling current is given by 5
where m 0 is the mass of the free electron and is the tunneling barrier height, it follows that the optical deflection increases the tunneling current with a factor exp͓2͑2m 0 ͒ 1͞2 ␦ opt ͑L͒͞ប͔ Х exp͓10.24 ͌ ␦ opt ͑L͔͒, with and ␦ opt expressed in electron volts and angstroms, respectively. The sensitivity of the micromechanical tunneling cantilever is thus extremely large; for an optical deflection of ϳ1 Å and a tunneling barrier of ϳ1 eV the current increases with an order of magnitude. Therefore the calculated optical deflection above, of 277 Å, is much larger than the sensitivity of the micromechanical tunneling structure which is ϳ1 Å ͓the level of thermal noise can reach 0.4 Å ͑Ref. 6͔͒ and is more than sufficient to obtain a measurable response. In fact, it is not necessary to have an optical power of 0.1 W overfilling the cantilever but rather a much smaller power, sufficient to produce a deflection of the cantilever end of, say, ␦ min ϭ 2 Å. Let us denote this power by P min ; it is given by P min ϭ cEWt 3 ␦ min ͑͞2RL 3 ͒. The power of the optical source, P s , necessary in order to have P min incident on the cantilever depends on the intensity distribution of the light beam. For example, for a Gaussian light beam with an intensity I ϭ I 0 exp͓Ϫ͑ x 2 ϩ z 2 ͒͞w 2 ͔ and a width w, centered on the position of the cantilever,
. (6) For example, for w ϭ 0.2 mm, P s ϭ 1.52 W with all other parameters having the same value as above ͑P min is 0.72 mW͒. As one can verify, P s would be practically the same even if the Gaussian beam had not been rotationally symmetric, but would have an elliptical cross section. A smaller optical power would be obtained if the incident beam were not be Gaussian, but would have a constant intensity over its entire cross section and would have the same width. Then P s can be as small as 0.5 W.
The above results show that micromechanical tunneling structures can be optically actuated by an incident light beam with a moderate power; this optical actuation has several advantages, which include remote actuation and a direct use of optical power without the need of transducers. Also, fabricating the micromechanical cantilever is possible with currently available technology.
Applications
One obvious application of the optical actuation of the micromechanical cantilever is as a photodetector, since the optical deflection is proportional to the power of the incident light. However, more sophisticated applications can be imagined.
For example, an array of micromechanical cantilevers can be used as a spectrum analyzer for a spatially dispersed light beam, obtained, for example, with a grating ͑see Fig. 3͒ illuminated by a collimated light source. On each cantilever in the array a single frequency ͑wavelength͒ component of the incident light is focused by the lens placed after the grating.
Since both the refractive index 4 and the reflection coefficient ͑at normal incidence͒ 2 of the silicon cantilever depend on the wavelength as
respectively, one requirement should be that the deflection for each wavelength be the same for the same input power. Figure 4 represents the dependence on the wavelength of the reflection coefficient for two values of the cantilever thickness. As can be seen from this figure, there are several wavelength intervals in which R Ͼ 0, the width of these intervals increasing with the decrease of t. Obviously, to work as a spectrum analyzer, the thickness of the cantilever should be adjusted such that in the region of interest the reflection coefficient should not pass through zero. Further, to obtain equal sensitivity for any wavelength in a region of interest, the width of each cantilever should satisfy the following equality:
where 0 is a reference wavelength in the region of interest and the notation W͑͒ is to be understood as the width of the cantilever on which the light with wavelength is incident. For example, for t ϭ 0.3 m, in the region between 1.2 and 1.7 m, with 0 ϭ 1.3 m, the width of the cantilevers should vary as in Fig. 5 to have the same sensitivity for each wavelength. In this way spectrum analyzers with the same sensitivity over the entire bandwidth can be obtained, the bandwidth being determined by the thickness of the cantilevers. Bandwidths as large as The resolution of the spectrum analyzer can be estimated from the linear dispersion in the focal plane of the lens:
where f is the focal length, m the diffraction order, d the period of the grating, and ␤ the diffraction angle. The array of cantilevers is along the z direction. The smallest change of wavelength that can be detected with this device, i.e., the resolution, is then
where ⌬W is the distance between two cantilevers. Taking a grating with 1000 lines͞mm, m ϭ 1, f ϭ 100 mm, cos ␤ ϭ 1͞2, ⌬W ϭ 1 m, we obtain ⌬ ϭ 0.1 Å for W ϭ W͑ 0 ͒ ϭ 1 m. The resolution improves ͑⌬ decreases͒ toward both ends of the cantilever array, since W decreases. ⌬ is independent on the source power. The resolving power of the spectrum analyzer working near 0 ϭ 1.3 m is 0 ͞⌬, equal to 1.3 ϫ 10 5 in this case. A number of NЈ ϭ 0 ͞m⌬ grating periods must be illuminated to obtain this resolving power; the grating must then have a length NЈd Х 13 cm. This is a totally unrealistic grating length, obtained because of the small width of the cantilevers. A more realistic grating length of ϳ1.7 cm would be necessary if we chose W ϭ 5 m, ⌬W ϭ 10 m, and m ϭ 2 ͑with the same f, cos ␤ and d͒. In this case, ⌬ ϭ 0.37 Å and the resolving power is 3.5 ϫ 10 4 . To increase the resolving power, m must be increased: The resolving power reaches 8.7 ϫ 10 4 for m ϭ 2.
The necessary power of the light source for achieving a deflection ␦ opt ͑L͒ Ն ␦ min for any cantilever in the array can be estimated as follows. If the bandwidth of the source is ⌬ s , the number of cantilevers necessary to spectrally analyze it would be N ϭ ⌬ s ͞⌬. If we assume a collimated incident beam and a uniform distribution of power over the source bandwidth, then P s ϭ P min N, where P min , as above, is the power necessary to deflect an individual cantilever with ␦ opt ͑L͒ ϭ ␦ min . For example, P s ϭ 1.2 W ͑P min ϭ 3.6 mW͒ for a cantilever array with W ϭ 5 m, ⌬W ϭ 10 m, L ϭ 60 m, and a diffraction grating with m ϭ 5 ͑ f, d, and cos ␤ are the same as above͒; the number N of necessary cantilevers is 333 for a source with ⌬ s ϭ 5 nm emitting near the wavelength 1.3 m. It is interesting to observe that the source power for this application where a number N of cantilevers are deflected is the same as that necessary for the deflection of only one cantilever, calculated in Section 2. This is because in this application the source power is optimally used, in the sense that all of it contributes to the deflection of cantilevers, whereas in Section 2 only a small part of the source power is used. An improved spectrum analyzer ͑with a smaller ⌬͒ requires at the same time a higher optical source power ͑N increases as ⌬ decreases͒. Therefore there is a trade-off between the power of the optical source and the resolution with which it can be spectrally analyzed. Because a grating spatially separates not only the different wavelength components of an incident light beam but the different polarization components of a monochromatic light, the same device as above can also be used as a polarization analyzer. Large angular separations between the TE and the TM components of the incident light can be achieved with a grating made over an optical waveguide in which the field is propagating. This angular separation is a result of different propagation constants in the waveguide for the different field polarizations. The angular separation is especially high in gratings grown over semiconductor multiple-quantum-well waveguides. For example, in such a GaAs͞AlGaAs grating with a period d ϭ 226 nm, an angle of ⌬␤ ϭ 6Ј was observed between the TE and the TM components for an incident light beam with ϭ 849 nm and a power of 5 mW. 7 The linear separation in the focal plane is ⌬z ϭ f⌬␤ ϭ 174 m, for the same value of f as above and for a cantilever array with t ϭ 0.3 m, W ϭ 1 m, L ϭ 60 m. The range of 174 m can easily be covered up with a number of ϳ100 cantilevers, if ⌬W ϭ 0.5 m. When the light propagates in a waveguide on which a grating is grown, the incident power into the waveguide is larger than the outcoupled power, which is diffracted by the grating into the free space and then focused by the lens. The requirement for this application from the viewpoint of outcoupled source power is that P s Ն P min , since all the outcoupled source power is deflected on one cantilever, the deflection angle being between that corresponding to TE and TM polarizations. In our example P min ϭ 0.68 mW at a wavelength of 849 nm. For a better resolution, ⌬x should be enlarged, a requirement easily satisfied by an increase of f. Another series of applications offers the possibility of performing direct mathematical operations on an incident light distribution such as addition, integration, and differentiation. For these kinds of applications the two-dimensional ͑2D͒ ͓one-dimensional ͑1D͔͒ incident light beam should be sufficiently extended ͑eventually magnified͒ to cover an extended 2D ͑1D͒ array of cantilevers. The number of cantilevers in each dimension determines the step of operations. The power of the optical source for this application can be easily estimated if we consider the most general case of a collimated light beam incident on a 2D array of N x cantilevers along the x direction and N z cantilevers along the z direction. Then P s Ն P min A array ͞A where the area of the cantilever array is A array ϭ N x ͑L ϩ ⌬L͒ ϩ N z ͑W ϩ ⌬W͒ and A ϭ LW is the area of an individual cantilever. Here ⌬L is the distance along the x direction between two cantilevers. For the source to optimally overfill the cantilever array, it should have an elliptical or rectangular cross section with the major axis l max Х N x ͑L ϩ ⌬L͒ and the minor axis l min Х N z ͑W ϩ ⌬W͒. only the x or the z directions must be taken into account. The required power is much less than for the 2D case, since a power spread in only one direction is required. For example, the power required for actuating 100 cantilevers with the same dimensions is 80 mW for a 1D array along the x direction and 100 mW for a 1D array along the z direction.
An additional requirement for this application should be that the tunneling current be proportional to the incident optical power ͑deflection͒. Taking into account that the tunneling current is exponentially dependent on the optical power and that at the same time we must have a power that is sufficiently large to deflect all the cantilevers, the input should be a modulated light source. The modulation should be made on a constant background that should have a power higher than P s . If the modulation is small, the modulated part of the tunneling current ͑which is the actual signal͒ is proportional to the light intensity of the modulation ͑optical signal͒.
The principle of the addition operation is obvious, because for two incoherent optical beams A͑x, y͒ and B͑ x, y͒ simultaneously incident on the array, for each cantilever the total deflection is the sum of deflections for each separate beam ͑the deflection is linearly proportional to the power͒. So the addition A͑x, y͒ ϩ B͑x, y͒ is automatically performed.
The integration of a 2D optical signal A͑x, y͒ can be performed by addition of the tunneling currents of all cantilevers in the array. This results because the deflection of the cantilever in the position ͑x j , y k ͒ is proportional to A͑x j , y k ͒. Since ͐ A͑x, y͒dxdy Ϸ ¥ j,k A͑x j , y k ͒, an integral is performed in one step in a time limited only by the time constants of the tunneling and the deflection processes. This time can be made of at most 1 ps. 8 Not only can a total, 2D integral be performed, but partial integration is also possible. For example, by addition of the tunneling currents on columns or rows, the partial integration with respect to x or y is obtained. The only thing that differs is the connection between the different cantilevers in the array.
The partial derivative of a 2D function is performed in a similar manner. To calculate ‫ץ‬A͑x, y͒͞‫ץ‬x, for example, one must add the tunneling currents of two adjacent cantilevers along the x direction, with opposite signs. One can obtain the opposite sign by opposite biasing, i.e., by applying a voltage ϪV instead of V. Analogously, ‫ץ‬A͑x, y͒͞‫ץ‬y as well as dA͑x, y͒ can be performed by a suitable connection of the contacts. One can even consider performing higherorder derivatives.
This method of computing integrals and derivatives of a 1D or a 2D function is a large step forward toward an optical computer, since it eliminates many intermediate operations that must be performed with conventional computing methods.
Conclusions
We have shown that the optical actuating of micromechanical cantilevers is an effective and promising effect with many applications in the area of optical information processing. The necessary light pressure is readily available from common optical sources such as laser diodes or arrays of laser diodes. The optical actuating phenomenon was already previously investigated 2 but with the rather pessimistic conclusion that the required optical powers are large. This is certainly true for a pure deflection-based effect but can be avoided and even reversed toward an optimistic conclusion if it is associated with the tunneling phenomenon in a micromechanical cantilever. So the optically actuated cantilever is not only a good photodetector but can be easily designed as a photodetector with a large bandwidth. As shown in the paper, an array of cantilevers can work between 1.2 and 1.7 m, with a bandwidth of 600 THz, a performance not matched by any of the known types of photodetector ͑see Ref. 9 for a review of the advanced photodetector types͒. Moreover, the sensitivity over this large bandwidth can be constant if the widths of the cantilevers in the array are suitably adjusted. And one can even enlarge this bandwidth by decreasing the thickness of the cantilevers.
One-step addition, integration, and differentiation of 1D and 2D light distributions can easily be achieved with an array of tunneling micromechanical cantilevers, the computing time being limited only by the response time ͑tunneling time and bending time͒ of the structure. This computation time is very short, of the order of 1 ps or even less. The discussed applications of the optically actuated microstructures in optical computing offer a new perspective on what an optical computer could be. Namely, to take full advantage of the possible optical configurations, it is not necessary for an optical computer to mimic the functioning of an electronic computer, but it is desirable and possible to look for new computing methods. Therefore we hope that this paper is useful for the conceptual advancement in optical computation.
Other applications of the optically actuated tunneling micromechanical cantilever can be imagined.
